Constrictions in blood vessels and microfluidic devices can dramatically change the spatial distribution of passing cells or particles and are commonly used in biomedical cell sorting applications. However, the three-dimensional nature of cell focusing in the channel cross-section remains poorly investigated. Here, we explore the cross-sectional distribution of living and rigid red blood cells passing a constricted microfluidic channel by tracking individual cells in multiple layers across the channel depth and across the channel width. While cells are homogeneously distributed in the channel crosssection pre-contraction, we observe a strong geometry-induced focusing towards the four channel faces post-contraction. The magnitude of this cross-sectional focusing effect increases with increasing Reynolds number for both living and rigid red blood cells. We discuss how this non-uniform cell distribution downstream of the contraction results in an apparent double-peaked velocity profile in particle image velocimetry analysis and show that trapping of red blood cells in the recirculation zones of the abrupt construction depends on cell deformability.
Introduction
The cardiovascular system is a complex network of branching vessels that transport and distribute blood through our body. Blood is mainly comprised of deformable red blood cells (RBCs) that are suspended in plasma. During laminar blood flow, RBCs preferentially migrate laterally from the vessel walls to the center and generate a cell-free layer near the vessel walls. 1 This phenomenon, known as the Fåhraeus effect 2 , determines the unique flow properties of blood in microvessels and is crucial for its physiological functionality. 3 The microscopic flow behavior of RBC suspensions is often studied using straight microfluidic channels or pipes, and various phenomena of RBCs behavior, such as margination and segregation, 4, 5 self-organization in confined flows, [6] [7] [8] and cell focusing and separation [9] [10] [11] have extensively been studied.
However, blood vessels in the circulation have more complex geometries and cross-sections (e.g. sudden constrictions and expansions in stenosed arteries) that lead to cell depleted zones, 12 changes in cell density distribution, 13 and result in clustering of microparticles in constricted blood flow. 14 To mimic pathophysiological geometric blockages and obstructed blood vessels that are associated with blood vessel diseases, constricted microfluidic channels with abrupt contractions and expansions are often used. Faivre et al. 15 experimentally probed the flow of RBCs through microfluidic constrictions and showed that rapid variations of the channel cross-section dramatically change the lateral distribution of RBCs along the channel width. Additionally, constrictions can also lead to an increase in apparent blood viscosity 13 and alter the thickness of the cell-free layer. 16 However, knowledge about the three-dimensional, spatial distribution of cells in the cross-section of constricted microfluidic devices remains vague.
In biomedical microfluidic applications, constricted channels are commonly used for cell and plasma separation. 15, [17] [18] [19] Generally, migration and focusing of cells or particles in straight microfluidic channels is induced by inertial lift forces 20 or can be achieved by deformability based cell margination (e.g. of rigid malaria-infected RBCs). 21 In constricted microfluidic channels, particle focusing can be induced by secondary flows, generated by the sudden expansion. Park et al. 22, 23 used this effect to achieve continuous particle focusing in a multi-orifice contraction-expansion flow cell. The authors were able to control size-based particle separation at specific lateral positions across the channel width. However, they did not resolve the particle distribution across the channel depth. Further, Sollier et al. 17 demonstrated that such constricted microchannels can provide a fast way for continuous plasma extraction from whole human blood. They showed that the cell-free layer increases postcontraction, induced by microvortices downstream of the expansion. Wang 24 numerically investigated particle trapping and focusing in a constricted microfluidic device. For rectangular channels with high aspect ratios W /H > 3, he predicted strong particle focusing near the long faces of the top and bottom channel walls and near the shorter side walls, while the particle concentration strongly decreases towards the channel center. Nevertheless, focusing effects of cells in contraction-expansion geometries are poorly investigated. Particularly, knowledge about the threedimensional distribution of RBCs in the channel cross-section, resolved along the channel width and depth, in non-confined flows is still missing. Further, the effect of cell deformability on focusing remains poorly understood, which can help to improve highthroughput microfluidic cell sorting and plasma extraction.
In this study, we therefore want to answer the following specific questions; (a) How is the three-dimensional distribution of RBCs influenced when passing through a sudden constriction?, (b) Do deformable and non-deformable (e.g. healthy and non-healthy) RBCs exhibit different flow behavior in contraction-expansion channels?, and (c) What is the effect of a non-uniform cell distribution on density-weighted averaging velocimetry techniques (e.g. standard particle image velocimetry)?
We investigate living and rigid RBC suspensions in a constricted microfluidic device with a large cross-section (400 × 52 µm 2 ). Individual cells are first tracked in multiple layers across the channel depth. We then resolve the spatial distribution of RBCs in the channel cross-section and demonstrate that it dramatically changes when flowing through the abrupt constriction. We discuss how such a non-uniform distribution of cells results in an apparent double-peaked velocity profile post-contraction when averaging over the channel height. Additionally, we show that rigid RBCs linger in the microvortices downstream of the constriction, which can be used for cell classification. 4, 25 2 Materials and methods
RBCs solution preparation
Capillary blood is taken with informed consent from healthy voluntary donors into EDTA coated tubes and resuspended in phosphate buffered saline solution (PBS, Gibco). RBCs are extracted after centrifugation at 1, 500 g for 5 minutes from the sediment and are washed with PBS. This procedure is repeated three times and final hematocrit concentrations are adjusted to 1% Ht and 5% Ht. In order to detect individual cells in particle tracking measurements and resolve the distribution of RBCs in the channel cross-section, we limit the investigations in this study to concentrations below 5% Ht, much lower than physiologically relevant in the circulation. 3 Above 5% Ht, RBCs cannot be discriminated automatically, due to crowding. 7 Hence, the RBC suspensions examined here, have concentrations commonly studied in microfluidic experiments.
Further, we investigate the effect of cell deformability on the flow behavior of red blood cells in constricted channels. Therefore, RBCs are rigidified using 0.1% glutaraldehyde (Sigma-Aldrich). 26 Solutions are incubated for one hour and subsequently washed three times with PBS to remove remaining glutaraldehyde. Stiffened RBCs suspensions are prepared at 1% Ht and 5% Ht. Blood withdrawal and preparation as well as all experiments are performed according to regulations and protocols that were approved by the ethic commission of the ' Aerztekammer des Saarlandes' (reference No 24/12). Study participants were fully informed regarding the purposes of the study and consent was obtained.
Microfluidic setup
A microfluidic device is fabricated using polydimethylsiloxan (PDMS) (Momentive Performance Materials) through standard soft lithography. 27 Inlet and outlet channels are punched in the PDMS chip, which is then bonded to a glass slide using a plasma cleaner (Harrick Plasma).
The microfluidic channel has a total length of L = 30 mm, with a rectangular cross-section of width W = 400 µm and height H ≈ 52 µm, similar to previous studies on particle focusing. 22, 23 The middle of the channel contains a sudden contraction-expansion with a width W c ≈ 45 µm and a length L c ≈ 65 µm. Figure 1 (a) shows a microscopic snapshot of a RBC suspension (5% Ht) flowing through the channel center part. We define the origin of the coordinate system at the contraction exit in the channel middle in y-direction (cyan arrows in Fig. 1 ) and at the middle of the channel height H/2 in z-direction. The suspension enters the channel through the inlet, located at x = −15 mm upstream, passes through the contraction-expansion in positive x-direction, as indicated by the white arrow in Fig. 1(a) , and exits the channel at x = 15 mm downstream of the contraction. The inlet and outlet are connected with micro medical grade polyethylene tubing (0.86 mm inner diameter (ID) and 1.32 mm outer diameter (OD), Scientific Commodities Inc.). In order to prevent cells from adhering to the inner surfaces, channel and tubing are coated with BSA (1 mg/mL bovine albumin, Sigma-Aldrich) prior to the experiments. RBC suspensions are driven through the channel using a high-precision pressure device (Elveflow OB 1 MK 3) by applying a broad range of pressure drops 20 ≤ ∆p ≤ 160 mbar between the inlet and outlet.
The microfluidic device is mounted on an inverted microscope (Eclipse TE2000-S, Nikon) equipped with a high-speed camera (MEMRECAM GX1, NAC, up to 2559 frames per second at full resolution of 1280 × 1024 pixels) and LED illumination (ZLED CLS 9000 MV-R, Zett Optics). The frame rate of the high-speed camera is chosen such that cell displacement between two images is around 4 pixels. A 60× oil-immersion objective (CFI Plan Fluor, Nikon) with high numerical aperture NA = 1.25, as well as a 10× air objective (Plan Fluor Nikon) with NA = 0.3 are used to capture images of the RBCs flowing through the channel. The measurement depth δ z m over which cells are detected and contribute to the determination of the velocity field is δ z m ≈ 15 µm for the 60× lens and δ z m ≈ 70 µm for the 10× lens. 28 We use the 60× objective (δ z m /H ≈ 0.3) to resolve the position of RBCs in three layers across the channel height H: close to the bottom and top (z ≈ ±15 µm) and in the middle (z = 0) of the channel, corresponding to the blue and red boxes in Fig. 1(b) , respectively. Here, we focus on the border regions (±200 ≤ y ≤ ±80 µm) or on the center part (−60 ≤ y ≤ 60 µm) of the channel width with respect to the lateral y-direction and with regions of interest (ROI) of roughly 120 × 120 µm 2 , which accounts for 0.3 W . Furthermore, using the 10× objective allows us to cover the complete channel width (−200 ≤ y ≤ 200 µm) and to average the velocity of RBCs across the whole channel height (δ z m /H ≈ 1.4). All experiments are performed at room temperature. The tracking of RBCs as well as particle image velocimetry of the RBC suspension are performed at multiple x positions upstream (pre-contraction) and downstream (post-contraction) of the contraction-expansion in the channel.
Particle tracking velocimetry
At RBC concentrations below 5% Ht we perform particle tracking velocimetry (PTV) by detecting the position of individual cells. Due to adjusting the exposure time to be much shorter than the frame rate, cells within the focus are imaged sharp and no motion blur occurs, while cells outside the focal plane are blurred. A self-written MATLAB program is used to subtract the common background of all images and detect the positions of individual cells in each image. The spatial gradient of the images is calculated to distinguish between sharp and blurred cells. The resulting images in gradient magnitudes are binarized by a threshold value. Therefore, only objects in focus with sharp edges are detected. The positions of detected cells over the image sequence are linked and result in individual trajectories. From those trajectories, individual velocities as function of space and time are determined, taken the time derivative. The combination of all cell velocities results in the time-averaged velocity field. Further, the RBC distribution as number density is calculated by counting all sharp cells in the binned y-direction, dividing by the number of frames in the image sequence and the corresponding bin volume.
Particle image velocimetry
We use two-dimensional particle image velocimetry (PIV) as an additional method to analyze the flow in the microfluidic device. PIV is commonly used to determine the density-weighted average velocity of an particle ensemble in interrogation areas, in contrast to the determination of the velocities of individual particles using the PTV technique. In PIV measurements, images are captured in pairs, using a 10× objective with NA = 0.3. Here, RBCs are used as flow tracers, without the addition of further particles. 29, 30 We use an open source PIV software 31 for quantitative analysis of the flow field and velocity vectors are obtained in interrogation areas of 32 × 32 pixels in x-and y-direction. With the volume illumination setup used here, the flow of RBCs over the entire channel height H is recorded. Hence, data is substantially averaged over the velocity gradient in z-direction. The effect of this density-weighted averaging in PIV analysis, in combination with an non-uniform cell distribution in the channel cross-section, is discussed and compared with PTV measurements in section 3.3 and 3.4.
Results and discussion
Representative images of RBC suspensions passing the constriction at different pressure drops are provided in Fig. S1 (ESI †), similar to Fig. 1(a) . In the corner regions downstream of the contraction, we observe cell-free zones with recirculating flows. The size of these vortices increases with increasing pressure drop. The formation of such microvortices in sudden expansions leads to secondary flows that have been studied before and that are commonly used for separation and fractionation. 17, 22, 23, 32 Here, we discuss the influence of this effect on the flow and spatial distribution of RBCs in the channel cross-section. Representative results of living or rigid RBCs are shown in this section, while complementary data is provided in the ESI †. Using PTV, we first resolve the velocities and distribution of RBCs in different layers across the channel depth in section 3.1. Second, the spatial cell distribution derived from PTV across the whole channel width is discussed in section 3.2. In section 3.3 and section 3.4, we use PIV to study the apparent mean velocity profile as a function of pressure drop and along the channel length, respectively. Finally, the trapping of RBCs in the vortex regions downstream of the constriction is discussed in section 3.5. Besides the increase of velocity magnitude with increasing pressure, the main difference between ∆p = 40 mbar and ∆p = 140 mbar is the depletion of RBCs close to the channel wall (y = −200 µm). While cells flow in close proximity of the channel wall in the middle of the channel at ∆p = 40 mbar (red symbols in Fig. 2 ), a pronounced cell-free layer forms at ∆p = 140 mbar adjacent to the channel wall (−200 ≤ y ≤ −190 µm). The magnitude of this cell-depleted zone increases with increasing pressure drop, as seen in Fig. S3 (ESI †). Here, the cell-free layer is larger for living RBCs than for rigid RBCs. 16 Note that the cell-depleted layer upstream of the contraction seems to be independent of the applied pressure drop and is less pronounced in y-direction than downstream (see Fig. 1 (a) and Fig. S1 in ESI †), in agreement with previous investigations. [15] [16] [17] 33 In the bottom plane (blue symbols in Fig. 2 ), the strong interactions with the channel side and bottom wall in the corner regions force the cells to migrate away even further than in the channel middle, resulting in an increase of the cell-free zone in the bottom layer (−200 ≤ y ≤ −170 µm in Fig. 2(b) ).
RBC velocities and distribution in different z-layers
The formation of the cell-depleted layer near the walls is the main reason for the distinctive flow properties of blood in microvessels. 3 While this phenomenon has extensively been studied by averaging over the total channel height, 1, [15] [16] [17] 33 we resolve the spatial distribution and velocities of RBCs across the channel depth in this study. The strong hydrodynamic interactions between cells and the walls result in a more pronounced celldepleted zone in the vicinity of the channel corners. 4, 20, 34 In an effort to emphasize the distribution of RBCs in y-direction downstream of the contraction, we plot the accumulated number of cells as a function of the channel width in In Fig. 3 (c) the depletion of RBCs in the channel bottom at the corner region −200 ≤ y ≤ −160 µm is clearly visible, similar to Fig. 2(b) . In the rest of the channel (−120 ≤ y ≤ 60 µm), the distribution of cells is uniform across the width in y-direction. On the other hand, a dramatic difference arises in the channel middle. Here, a strong accumulation of RBCs is observed close to the border (−190 ≤ y ≤ −150 µm) at the short channel side face, as seen in Fig. 3(a) . In contrast to this strong focusing, the number of RBCs drastically decreases towards the channel center (−60 ≤ y ≤ 60 µm), where considerably fewer cells pass the middle plane, as seen in Fig. 3(b) . Further, the amount of RBCs in the channel middle ( Fig. 3(b) ) is significantly reduced compared to the bottom layer ( Fig. 3(d) ) at the same lateral y-position. Note that the top layer exhibits a similar cell distribution as the bottom layer, as shown in Fig. S4 , ESI †. At low pressure drops, this focusing phenomenon of RBCs post-contraction is hardly detectable close to the experimental resolution limit, as exemplified for ∆p = 40 mbar in Fig. S5 , ESI †. Furthermore, we observe a uniform distribution of RBCs across the channel width upstream of the constriction, as shown in Fig. S6 (ESI †) , where the RBC distribution is plotted at x = 10 mm pre-contraction, complementary to the data at x = −10 mm post-contraction in Fig. 3 . In the constricted microfluidic channel used here, RBC focusing is induced by secondary flows downstream of the abrupt expansion. 22, 23 However, migration and focusing of cells or particles can also be achieved in straight microfluidic channels, induced by inertial lift forces. 20 At a finite Reynolds number Re, which relates the inertial to viscous forces, two lift forces act on a particle in a Poiseuille flow: the wall induced lift force, due to particlewall interactions that pushes the particle away from the wall, and the shear-gradient induced force, due to the curved velocity profile that leads to a movement away from the channel center. Based on the balance between these two opposing forces, different equilibrium particle positions in the channel cross-section can be achieved. 34 Lateral migration and a focusing of particles, induced by inertial lift forces 35 occurs in straight rectangular channels for particle Reynolds numbers Re p than unity. 20, 34 The particle Reynolds number is defined as
where Re c is the channel Reynolds number, ρ, v m , a, η, and D h are the fluid density, the maximum flow velocity, the particle or cell diameter, the fluid viscosity and the hydraulic diameter of the microfluidic channel, respectively. The hydraulic diameter for a rectangular channel is defined as D h = 2W H/(W + H), where we use the width W = 400 µm to calculate Re p . However, note that significantly higher Re c and Re p can be achieved in the constricted part, where the small width of W c ≈ 45 µm results in much higher velocities.
Generally, two stable equilibrium positions near the wider channel faces exist in rectangular channels, without the fourfold symmetry of a square, due to the stronger shear-gradient lift forces in z-direction. Thus, particles or cells are pushed away from the channel centerline toward the wider sides. Here, the balance between shear-gradient and wall lift forces results in stable equilibrium positions along the wider faces. This effect is much less pronounced towards the shorter faces, since the plug-like velocity profile leads to much weaker shear gradient lift forces in ydirection. 20 However, increasing Re p results in a total number of four focusing positions along both the wide and short faces. 36, 37 Hur et al. 36 investigated the ordering of beads and blood cells in rectangular channel (W = 16 µm and H = 37 µm) and observed that particles accumulate close to all four faces at Re p ≈ 4.5. Much higher values of Re p ≈ 150 were reported by Ciftlik et al. 37 for particle focusing of 10 µm beads at all four channel faces in a rectangular channel with W = 50 µm and H = 80 µm. For the data shown in Fig. 3 , the Reynolds numbers are Re p ≈ 0.1 and Re c ≈ 12, with ρ = 1 g/cm 3 , a = 8 µm, and η = 1 mPa s. This Re p value is much smaller than those reported by Hur et al. 36 and Ciftlik et al. 37 , and also smaller than unity, which indicates that cell focusing solely due to inertial lift forces would not occur in the straight channel pre-contraction. Further, a certain length L f = πηD 2 h /(ρU m a 2 f L ), with the non-dimensional lift coefficient f L = 0.05, along the flow direction is required for particles to reach stable equilibrium positions inside rectangular channels. 20 In order to reach equilibrium positions in the experiments shown here, a length of L f ≈ 60 mm would be required, hence much longer than the entry length (15 mm) upstream of the contraction. Thus, we do not expect any inertial focusing to arise precontraction, in agreement with our experimental results, shown in Fig. S6 . The observed focusing phenomenon shown in Fig. 3 emerges as a consequence of the constricted flow geometry, which is discussed below.
Change of RBC distribution along the flow direction
In the previous section, we revealed the distinctive spatial distribution of RBCs in different layers across the channel depth, focusing on small ROIs in the lateral y-direction. Here, we discuss the change of cell distribution induced by the constriction. Using a lower magnification 10× lens with NA = 0.3 allows us to track RBCs across the whole channel width W , as well as to detect all cells throughout the channel height H. Figure 4 shows the velocities of individual living RBCs that pass the microfluidic channel (a) x = −10 mm pre-contraction and (b) x = 10 mm postcontraction. Additionally, we plot the maximum and mean velocities at a certain lateral y-position across the channel width as red dashed and solid lines, respectively. The mean velocity at a specific y-position is calculated by density-weighted averaging the velocities of RBCs, flowing at different layers across the channel height H, at this y-position. The dotted black line indicates the velocity profile across the channel middle z = 0 for a Newtonian fluid, with the same viscosity and flowing through a rectangular channel under the same experimental conditions. 38 The corresponding data for rigid cells is provided in Fig. S7 (ESI †) .
Upstream of the contraction, RBCs flow in a plug-like velocity profile across the channel width, as shown in Fig. 4(a) . Detecting cells across the velocity gradient in z-direction yields a broad velocity distribution at a fixed lateral y-position. Here, slower cells correspond to planes closer to the top and bottom of the channel, while the fastest cells flow in the channel middle, as shown in Fig. 2 . The enveloping line of the fastest particles corresponds to the maximum velocity (dashed red line) at z = 0 and is in good agreement with the analytic solution for the velocity profile in the channel middle of a Newtonian fluid (dotted black line). Further, the plug-like shape of the mean velocity (solid red line) indicates that the distribution of RBCs is uniform along the channel depth H. This homogeneous RBC distribution pre-constriction is also found in particle tracking experiments, resolved along the channel height, as previously discussed (see Fig. S6 (ESI †) ).
However, passing through the sudden constriction, a significant change of the cell distribution is observed, as shown in Fig. 4(b) . Fewer cells pass the center part −100 ≤ y ≤ 100 µm in the channel middle, where the velocity is largest. In contrast, we detect an accumulation of RBCs close to the side walls at y ≈ ±160 µm. In these regions, the majority of cells are located near the channel middle plane z = 0. This effect is also observed in Fig. 2(b) and leads to a double-peaked mean velocity profile, when averaging over the channel depth (solid red line in Fig. 4(b) ). It is important to note that this apparent double-peaked profile arises as a consequence of density-weighted averaging in combination with a non-uniform distribution of flow tracer, i.e. RBCs. The maximum velocity across the channel width still matches the analytic solution for a Newtonian fluid. However, since considerably fewer RBCs flow in the channel middle at z = 0, compared to the channel bottom and top at z = ±15 µm (see Fig. 2(b) ), averaging over the channel depth results in a lower mean velocity in the channel center −100 ≤ y ≤ 100 µm. For rigid RBCs, we observe the same flow behavior and also find an apparent double-peaked mean velocity profile, as shown in Fig. S7 (ESI †) .
Recently, Iss et al. 7 investigated the self-organization of RBCs under confined flows and reported a non-uniform cross-flow distribution of cells. The authors also observed the formation of bands with high local RBC concentration at specific lateral yposition, depending on ∆p. However, in this case, the nonhomogeneous RBC distribution emerged as a consequence of confinement in the flat channel (H ≈ 9 µm), in contrast to the constricted deeper channel (H ≈ 52 µm) used in this study.
Another phenomenon that can be seen in Fig. 4 is the increase of the cell-depleted layer, induced by the constriction. While cells pass in close proximity of the channel side walls (y = ±200 µm) pre-contraction, the cell-free layer increases downstream of the contraction, as reported before. [15] [16] [17] 33 Here, we find that the cell-depleted layer spans laterally up to 20 µm at each side of the channel in y-direction.
The most commonly used technique to visualize flow in microfluidic devices is PIV. This method allows us to obtain quanti-tative velocity data, based on the displacement of an ensemble of flow tracers within interrogation areas. 39 Using volume illumination in combination with a low NA lens, the depth of field can become larger than the channel depth and thus results in a potential averaging of velocities along the gradient in z-direction, 28 similar to the mean velocity values (solid red lines in Fig. 4 ) obtained from PTV. In the next section, we employ PIV analysis on the flow of RBCs and demonstrate how the non-uniform distribution of cells in the channel cross-section also yields a double-peaked velocity profile, similar to the particle tracking results shown in Fig. 4(b) . 38 Figure 5 (b) shows the velocity peak height, i.e. the velocity from the PIV measurements v PIV at y = −160 µm minus the analytical mean velocity v ana at the same y-position, as indicated by the vertical black line in Fig. 5(a) .
RBC focusing with increasing pressure drop
Both, living and rigid RBC suspensions follow a plug-like velocity profile at small pressure drop, e.g. ∆p = 40 mbar in Fig. 5(a) . Here, we do not observe any quantitative difference in the velocity profiles of living and rigid cells, hence both profiles overlap at small pressure drops. Further, at low pressure drops, the velocity profiles obtained through PIV analysis are in good agreement with the analytical predictions, as indicated by the dashed lines. However, we observe strong deviations from the theoretical mean velocity profiles with increasing pressure drop, resulting in a transition from a plug-like towards a double-peaked velocity profile. At ∆p = 80 mbar, two velocity peaks become visible at y ≈ ±160 µm, while the velocity in the channel center −100 ≤ y ≤ 100 µm is still constant. The magnitude of the peaks increases with further increase of pressure drop and the average velocity profile obtained from PIV analysis of the RBC ensemble approximates the mean velocity profile derived from tracking of single RBCs, shown in Fig. 4(b) . Figure 5(b) shows the difference of the velocity at the peak position and the value from the analytical solution for the velocity profile of a Newtonian fluid. While there is a good agreement at lower pressure drops, the difference increases linearly with the pressure drop due to the emergence of the apparent velocity peak that is a consequence of the increase of cell density at this position. The graph indicates that flow focusing starts at a critical channel Reynolds number Re c ≈ 1.3. However, this value must be taken with care because this method does not measure the density difference directly. Nevertheless, our data strongly indicates that cell separation in the geometry is not only driven by inertia but that there is also a critical transition threshold.
It is important to emphasize that the double-peak velocity profile emerges as a consequence of density-weighted averaging over the channel depth by employing PIV analysis, where different layers contain varying numbers of cells, as exemplified in Fig. 2(b) . Dashed lines correspond to the analytical solution of the mean velocity profiles of a Newtonian fluid. With increasing pressure, the particle and channel Reynolds numbers are Re p = 0.029, Re p = 0.058, Re p = 0.087, and Re p = 0.12, and Re c = 3.6, Re c = 7.1, Re c = 11, and Re c = 14, respectively. Error bars correspond to standard deviations of different measurements. (b) The difference between the velocity peak at y = −160 µm and the analytical solution of the velocity profile of a Newtonian fluid as a function of pressure drop and channel Reynolds number. Colored symbols correspond to data from (a). The solid and dashed gray lines correspond to linear fits of the rigid and living RBC data, respectively.
Thus, the depletion of cells in the channel center (z = 0 and −100 ≤ y ≤ 100 µm) in combination with a higher amount of cells close to the top and bottom (z ≈ ±15 µm and −100 ≤ y ≤ 100 µm), yields a lower apparent velocity in the channel center. On the other hand, the strong focusing of RBCs in the middle plane, close to the side walls (z = 0 and y ≈ ±160 µm) in combination with the cell-depleted layer in the top and bottom plane (z ≈ ±15 µm and ±200 ≤ y ≤ ±160 µm), as shown in Fig. 2 , leads to overestimating of the density-weighted average velocity. We use these distinctive profiles of apparent velocity as an qualitative measure for RBC focusing in the microfluidic channel.
Particle focusing in microfluidic contraction-expansion devices was reported before. Park et al. 22, 23 examined the distribution of microspheres with different sizes (2 ≤ a ≤ 15 µm) flowing through a multi-orifice channel. They observed a focusing of beads at specific lateral positions starting at 0.01 ≤ Re p ≤ 0.63, depending on particle size. The corresponding channel Reynolds number Re c ≈ 7 for the onset of focusing is in good agreement with the results shown in Fig. 5 . The authors attributed the nonhomogeneous particle distribution post-contraction to a combination of inertial lift forces and secondary flows, induced by vortex flows in the suddenly expanding channel. However, they did not resolve the focusing effect across the channel height.
Similarly, Wang 24 numerically studied particle sorting in constricted microfluidic channels, covering a broad range of 0.02 ≤ Re p ≤ 20, depending on particle size, and 8 ≤ Re c ≤ 160. He reported a strong focusing at two narrow lines in the channels center plane (z = 0). Additionally, particles concentrated near the wider faces at the bottom and top for aspect ratios W /H > 3, depending on the axial position in the microfluidic device. Here, our experiments confirm the spatial distribution in the channel cross-section, as predicted numerically by Wang. 24 Furthermore, we do not observe a significant difference in the velocity data and focusing of rigid and living RBCs in Fig. 5 . Chen et al. 4 recently reported that migration of RBCs depends on cell deformability. They used a mixture of living and stiffed RBCs and found that the impaired deformability of RBCs decreases the wall lift force and the velocity force, thus resulting in a different equilibrium positions between living and rigid RBCs. In contrast to the experiments shown in this study, they used a longer (L = 30 mm) straight microfluidic channel with a smaller rectangular cross-section (100 × 10 µm 2 ). The authors only observed a focusing of rigid RBCs when they were suspended in a living RBC suspension, but not when suspended solely in PBS. Hence, margination leads to different equilibrium positions in the study by Chen et al. 4 Although, we do not observe significant differences in the velocity data of rigid and living RBCs postcontraction, dramatic differences between both cells arise in the vortex regions, as discussed in section 3.5.
In this study, the non-uniform cell distribution and depletion of cells in the channel center post-contraction, and hence the double-peaked velocity profiles derived from PTV ( Fig. 4(b) ) and from PIV ( Fig. 5(a) ), arise as a consequence of geometry-induced focusing and not as a result of RBCs sedimentation. Significant sinking of cells across the channel height, while traveling through the channel in x-direction, is clearly ruled out showing that the cell distribution in the top layer is similar to the bottom layer (Fig. S4 ). This holds even for lower pressure drops (Fig. S5) , where sedimentation is more likely due to the lower flow rate. Furthermore, we perform RBC tracking and PIV experiments in a density matched solution, using OptiPrep TM (iodixanol aqueous solution, Sigma-Aldrich), to avoid potential sedimentation and RBC sinking. Therefore, RBC suspensions are prepared using 35% OptiPrep TM and 65% PBS to adjust the density of the solution to ρ ≈ 1.11 g/ml, matching RBC density. 40 Using density matched suspensions does not influence the cross-sectional focusing phenomenon and we also observe the emergence of apparent double-peaked velocity profiles in these suspensions in PIV analysis, as exemplified in Fig. S8 (ESI †) . Hence, we do not observe sinking and sedimentation of RBCs in the flow channel during the experiments.
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Evolution of the velocity profile
Thus far, we examined the flow of RBC suspensions, mainly focusing on positions x = ±10 mm of the constriction, where the flow is quasi-stationary. Further, we perform PIV measurements at different x-positions along the channel flow direction, in an effort to probe the evolution of the mean velocity profile post-contraction. Figure 6 shows the mean velocity profiles of a 5% Ht suspension of living RBCs at different x-positions pre-and post-contraction. Here, the pressure drop ∆p = 120 mbar is chosen such that the non-uniform cell distribution, induced by the constriction, yields an apparent double-peaked mean velocity profile in PIV analysis. Upstream of the constriction, e.g. x = −10 mm in Fig. 6 , the suspensions exhibits a plug-like velocity profile, similar to the results shown in Fig. 4 (a), obtained through particle tracking. Passing through the narrow constriction, RBCs are accelerated rapidly and a jet flow is observed downstream of the contraction, e.g. x = 0.25 mm, which corresponds to roughly 0.625 W , also clearly visible in Fig. S1 , ESI †. This jet flow transitions further downstream, e.g. x = 0.5 mm (1.25 W ), into the apparent doublepeaked mean velocity profile. With increasing distance from the constriction, we observe a minor decrease of magnitude of the peak velocity at y ≈ ±150 µm, while the velocity in the channel center part −100 ≤ y ≤ 100 µm increases slightly. The nonmonotonic profile persists even after x = 10 mm post-contraction, close to the channel outlet.
Recently, Zhou et al. 41 investigated the spatio-temporal dynamics of dilute RBC suspensions in a straight microfluidic channel at different x-positions. Tracking cells along the channel width, the authors reported off-center two-peak (OCTP) velocity profiles at low Re p 1 that persisted even after 20 × D h and attributed the occurrence of such a heterogeneity to non-inertial hydrodynamic lift forces. Although they did not resolve the spatial distribution of cells across the channel height experimentally, complementary numerical simulations showed that RBCs concentrate at four positions close to the channel walls, similar to the results shown here.
In this study, we first proved the existence of a non-uniform spatial distribution of RBCs by tracking individual cells in different layers in the channel cross-section. This allowed us to identify the double-peaked profile of the mean velocity both in PTV as well as in PIV experiments as direct consequence of RBC focusing postcontraction. However, the occurrence of such inhomogeneities of the cross-sectional cell or tracer particle distribution, particularly in deep channels, might not always be straightforward a priori. In that case, density-weighted averaging, i.e. performing standard PIV analysis, over a large part of the channel cross-section can lead to misinterpretation of velocity data. Therefore, we hope that besides the detailed investigation of RBC flow properties, this study will also help to provide a better understanding about the influence of geometry-induced focusing effects on commonly employed velocimetry techniques.
Trapping of rigid RBCs in downstream vortices
For both living and rigid RBCs, we observe similar spatial distributions and velocity profiles post-contraction, as discussed above. However, a dramatic difference arises in the vortex regions downstream of the sudden expansion, as exemplified in Fig. 7 for (a) living and (b) rigid RBCs. While for living cells, the recirculation zones downstream of the constriction are completely cell-free up to the highest pressure drop (∆p = 240 mbar) investigated here, rigid RBCs accumulate in the microvortices post-contraction. The size of these vortex regions, where stiffened RBCs are trapped, increases with increasing pressure drop, as shown in Fig. S8 (ESI †) . Furthermore, the cell-free layer close to the channels wall is larger for living RBCs than for rigid cells, in accordance with our previous observations (Fig. S3 , ESI †). This phenomenon emerges as a consequence of cell deformability, which can be used for deformability-selective cell separation, e.g. of malaria-infected RBCs. 21 The effect of deformability on the microscale flow behavior of RBC suspensions has been studied previously. 25, 30, 42 Hur et al. 21 used an gradually expanding microfluidic chip for classification of different types of cells based on their size and deformability. They showed that flexible cells occupy equilibrium positions much closer to the channel center compared to rigid cells and used this effect to conduct label-free cancer cell enrichment. Furthermore, Yang et al. 43 used a similar device and demonstrated that rigid RBCs flow closer to the channel border, when passing the expanding part of flow channel, while living RBCs preferentially flow in the channel center. In the study presented here, we use a more abrupt expansion. We hypothesize that while living cells are deformed in the constriction and follow streamlines post-contraction, the impaired deformability of rigid cells results in an enhanced collision induced drift. This allows some of the rigid RBCs to cross streamlines sufficiently in the expanding region of the channel and to be trapped in the vortex regions post-contraction. 44 However, most of the cells pass the center of the constriction and do not linger in the recirculation zones but are focused towards the four channel face as discussed above. A detailed investigation of this effect is beyond the scope of this study but future work will include more detailed investigations of the vortex trapping of non-flexible cells. Therefore, mixtures of living and rigid cells and a more sophisticated flow channel will be used and the effect of applied pressure drop or flow rate on cell trapping will be examined for deformability-selective cell separation in the vortex regions.
Conclusions
In this study, we examine the effect of an abrupt constriction on the three-dimensional distribution of RBCs in the cross-section of a rectangular microfluidic channel. While previous investigations mostly probed particle focusing in constricted flows in a twodimensional fashion, we here reveal the cross-sectional nature of geometry-induced focusing by tracking individual cells in multiple layers across the channel depth at various x-positions along the flow direction of the channels.
This technique allows us to answer the specific questions stated in the introduction; (a) While the distribution of cells upstream of the constriction is uniform in the channel cross-section, without any focusing due to inertial lift forces, the sudden constriction induces a strong focusing downstream of the contraction. Here, RBCs accumulate at the top and bottom in the channel center (z/H ≈ ±0.3 and −0.4 ≤ y/W ≤ 0.4), as well as close to the borders of the middle plane (z = 0 and y/W ≈ ±0.4), schematically shown in Fig. 8 and in accordance with numerical predictions 24 on similar microfluidic constricted flows. (b) We find this non-uniform cross-sectional distribution post-contraction for both rigid and living RBCs. Covering a broad range of pressure drops ∆p, we show that the magnitude of this phenomenon increases with increasing pressure drop and channel Reynolds number independent of cell deformability. However, while flexible living RBCs follow the streamlines post-contraction, some rigid RBCs are trapped in the vortex regions. (c) The observed non-uniform cell distribution leads to an apparent double-peaked profile of the mean velocity using density-weighted averaging, both in PTV as well as in PIV measurements. This non-monotonic velocity profile persists over more than 25× the channel width W downstream of the contraction. However, this effect arises solely as a consequence of particle focusing in combination with averaging across the whole channel depth. Therefore, this study also aims to provide a better understanding about geometry-induced focusing effects on velocimetry techniques, relevant for many different topical areas of physics, chemistry, and biology.
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